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Abstract 
Building-Integrated Photovoltaic systems (BIPV) represent a promising solution for the local generation of clean electricity 
combined with cooling or heating through the exploitation of natural convection or mechanical ventilation. In this article we 
present, through the ADEME project “RESSOURCES”, such components developed on a large scale (and adapted for new builds 
and renovation projects). To date, the work has focused upon 3 prototype building envelopes comprising naturally-ventilated 
double-skin configurations installed on real buildings: two systems were developed for individual houses (Moret sur Loing, EDF 
R&D) and one for an office building (Toulouse, HBS-Technal). A comparative experimental evaluation of the three prototypes is 
presented in terms of the thermal response of the PV elements and the air cavity. 
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1. Introduction 
In January 2007 the European Union published its road map for the long term development of renewable energy 
in the region [1]. Within this framework, the so-called 20-20-20 targets comprise objectives to achieve by 2020, a 
reduction of greenhouse gas emissions by 20%, a decrease by 20% of energy consumption relative to expected 
demand without such measures, and an increase to 20% of the share of renewable energy sources in the European 
energy mix. With residential and tertiary buildings being the largest energy consumer in the region, European policy 
specifically targets this sector with objectives to encourage the uptake in renewable energy technologies to respond 
to the needs for heating, cooling and electricity. In terms of currently available solutions, building integrated 
photovoltaic systems (BIPV) are essential to render buildings net-positive in energy in the immediate future (the 
BEPOS label in France). Among the various arrangements of solar collectors to have been studied to date, double-
skin photovoltaic-thermal (PV-T) systems are particularly interesting as they offer both a passive cooling of PV 
elements (to improve electrical yield and component lifetime) and the exploitation of stack-induced flow or heat 
recovery to improve the thermal comfort and energy efficiency of the building [2]. Although numerous studies have 
been presented concerning such configurations at a reduced scale in laboratory conditions, few performance 
evaluations have been undertaken for the more challenging scenario of full-scale systems operating under real 
conditions [3]. It is within this context that the project ADEME RESSOURCES was initiated. Coordinated by 
CETHIL, the project has brought together architects, manufacturers, an energy service provider and research bodies 
for the design, construction, implementation and monitoring of full-scale prototypes. In this article we present the 
comparative evaluation of three double-skin facades operating under “summer” configuration (natural ventilation), 
with the inlets of the air cavity open to the exterior. 
 
Nomenclature 
dTair absolute difference of cavity air temperature at inlet and outlet  
Gi incident in-plane solar radiation  
Gref  reference solar radiation 
Ta exterior ambient air temperature 
Tair mean temperature of cavity air 
Tb mean temperature of building external wall in the cavity 
Te, TPV mean temperature of PV modules for a given array 
2. Experiment 
The three double-skin PV-T prototypes are shown in Fig. 1 to 3. At the EDF R&D site, Renardières, two 
prototype building envelopes were installed on the South South West wall of the ETNA laboratory, a free standing 
building comprising two geometrically and thermally identical test cells [4]. Each prototype comprises a partially 
transparent PV façade 5.6 m in height and 3 m in width, connected to rooftop PV arrays such that there is an 
uninterrupted air gap between the double-skin and the primary building envelope, with inlets at each end. Prototype 
A is a simple façade/roof arrangement, with a 0.7 m thick air gap in the façade section. ETNA B is a veranda/roof 
variant of this configuration: the vertical section stands further from the building providing an additional living space 
of 12 m². The minimum air gap at the roof section for the prototypes is 0.436 m thick (constant for ETNA A, but 
tapered for ETNA B). The rated power of the PV arrays are 3.3 kWc and 3.6 kWc for Etna A and B respectively, and 
the actual power produced was monitored at the output of grid-tied inverters for each array, with roof and façade 
sections treated separately. A third prototype façade was commissioned at the HBS-Technal site in Toulouse, on the 
north-west wall of an open-plan glazed office building. A vertical pleated, partially transparent PV double-skin 
façade, 7.7 m in height and 4.5 wide, with PV elements incorporated into west-oriented faces of the prism structures, 
the prototype covered two stories of the building. The airgap thickness varied from 0.6 to 0.8 m. The PV system was 
divided into a vertical stack of three arrays, hereafter referred to as “blocs” 1 to 3 (from top to bottom). Each bloc 
was connected to a constant resistive load. 
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The instrumentation of the three prototypes is presented in Fig. 2 and 3. Surface temperatures were monitored 
using K-type thermocouples inserted at various locations in the central column of each prototype. Thin tube 
structures or “peignes” (combs) were fitted in the air cavity to allow several measurements of air temperature and air 
speed (in the range [0.05; 2.0] m/s using Ahlborn FVA935 TH4 anemometers). For the pleated component, air 
temperature and speed were measured in both the widest and narrowest section of the central prism column, at the 
level of each bloc. Spatial averages of these measurements were calculated via either a simple arithmetic mean or 
spatially-weighted average depending on the geometry. Mass flow rates were derived from the spatial average air 
speeds and air densities estimated from the local air temperature measurements. A weather station was installed at 
each site, with pyranometers to record total horizontal solar radiation and in-plane radiation, a pyrheliometer to 
measure collimated direct radiation, and sensors to measure ambient temperature, wind, humidity and air pressure. 
For the HBS-Technal prototype, the detector array was connected to data acquisition system (Keithley 3706 
datalogger and 2 Almemo cards). 
 
  
Fig. 1. Three prototype PV double-skin envelopes implemented through the RESSOURCES project. Left to right: ETNA B, ETNA A, and HBS. 
Using Labview, a simple loop DAQ programme was developed to sample all sensors every two minutes. This 
system was managed remotely using VNC over internet. For the ETNA A and B prototypes, data acquisition was 
monitored on-site. Prior to analyzing the data, the raw text files generated by the DAQ systems were imported into a 
bespoke MySQL database. Analysis scripts were developed with Scilab, the open source computation software, 
which also provided a direct interface to the database [5].  
 
 
Fig. 2. Schematic representations of the ETNA prototypes showing the locations of sensors on surfaces and in the air gaps. 
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The comparative evaluation of the prototypes was performed using a dataset of 133 days spanning from 
25/06/2012 to 5/11/2012, during which time the prototypes were operated in a natural ventilation configuration. The 
comparison was made for typical sunny days with little wind. The dataset was thus filtered by calculating the total 
incident solar energy and mean wind speed per day, setting an appropriate threshold and then employing this 
classification to extract data subsets.  
 
 
 
 
 
 
 
 
 
 
Fig. 3. Schematic diagram of the HBS-Technal prototype. Left: front view showing blocs. Right: plan view of instrumentation in central column. 
3. Results 
3.1. Comparison of typical days 
The data filtering process described in the section above returned the 9th September 2012 as a calm, sunny day, 
with similar environmental conditions at both sites. On this day, the cumulated collimated direct component of solar 
radiation was 6.93 kWh/m² for the ETNA site and 6.88 kWh/m² at the HBS site. The cumulated horizontal radiation 
(pyranometer) was measured to be 5.56kWh/m² and 5.5kWh/m² respectively. For both sites, the mean wind speed 
was less than 2 m/s. At the ETNA site the ambient temperature varied in the range [10.5; 32.6] °C, somewhat 
broader than the range [16.8; 31.7] °C observed at the HBS-Technal site. 
Environmental conditions, temperature response and airflow are presented for the three prototypes in Fig. 4. Note 
that the in-plane and horizontal total radiation measurements shown in Fig. 4a) and b) were taken using 
pyranometers, and the direct normal radiation was obtained using a pyrheliometer. The behavior of all three 
prototypes is characterized by an electrical and thermal response shifted to the afternoon as a result of their 
orientations. In-plane Incident radiation reaches a maximum at 13:00 – 13:30 in radiation, with variations between 
the prototypes due to the different slopes Fig. 4c) and d) show the rise and fall of temperatures during the typical 
day. As expected, peak PV temperatures coincide with radiation maxima. Despite more intense radiation received by 
roof sections of the ETNA prototypes than the HBS façade, the temperatures of the PV arrays are quite similar. This 
observation is consistent with the stronger mass flow rates for ETNA prototypes, which suggest a stronger stack-
induced flow despite their inclination. The peak in building primary wall temperature is found to be out of phase 
with solar radiation by more than one hour and fluctuates to a lesser degree than the outer façade. 
The HBS-Technal and ETNA prototypes differ in particular in terms of the outlet air temperature and mass flow 
rate, suggesting that the action of the stack-induced flow may be different for these three components. For the HBS-
Technal prototype (Fig. 4c), the outlet-inlet air temperature difference is positive throughout the afternoon, reaching 
a maximum of 10°C, and indeed continues after incident solar radiation has fallen to zero. A previous analysis 
showed that this persistent air flow is caused by the heat flux coming from the building [6]. A similar smooth 
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variation is observed for the mass flow rate for this prototype. In contrast, air flow in the ETNA envelopes appears to 
fall off earlier in the evening, and exhibits some degree of fluctuations that appear at least partially due to the 
external wind speed. 
 
a) 
 
b) 
 
c) 
 
d) 
 
e) 
 
f) 
 
Fig. 4. Radiation, temperatures, wind speed and mass flow rate for  a typical sunny day. Left: HBS-Technal. Right: ETNA A & B. 
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3.2. Parametric analysis 
In order to be effective components of an integrated building energy system, a PV double skin envelope needs to 
behave in a fairly predictable manner as a function of environmental conditions. This requirement was tested using 
multivariate linear regression models. Such models assume stationary descriptions of the system behaviour (without 
inertia), and provide a means to assess the sensitivity of system performance to each parameter.  
The first order model represented by equation 1 was however found to provide a good description of PV module 
heating for the HBS-Technal prototype 
> @ > @ > @ > @0b2a1
ref
i
0PV TTTG
GT  EEE    (1) 
where the regression coefficients E, E, E and T0 were obtained by the standard least square solution. In Fig. 5 
solutions to the above model for bloc 1 are shown for two datasets in June 2012: calm sunny days, and windy sunny 
days (mean daily wind speed greater than 2 m/s). 
 
 
 
Fig. 5. Regression fits of linear parametric model for PV array temperature. Top: calm days in June 2012. Bottom: windy days in June 2012. 
Note that absolute temperatures were used and incident radiation has been normalised to a reference value of 
Gref=800 W/m². The correlation coefficients E and T0 therefore have units of temperature, and coefficients E and E 
are dimensionless. As indicated by the observed lag in thermal response, building wall temperature is important for 
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the state of the component, and was found to impact the PV facade temperatures too. A range of different parametric 
models were tested for thermal response, some including second order and interaction terms, and wind terms. 
However, none of these were found to improve precision. 
The solution predicts module heating to a mean accuracy of 5% of the measured temperature in °C. The largest 
instantaneous errors coincide with periods of unstable radiation conditions. The model reproduces the observed 
fluctuations in temperature during such periods, but with a phase difference of a few minutes. For minute-wise data, 
the approximation of zero inertia is thus largely responsible for the observed model-data errors.  
When solved for sunny days with different wind conditions, the thermal model described the data to a similar 
precision, although the solutions differ slightly. The correlation coefficient for incident radiation appears is weaker 
for windy days, perhaps indicating an enhancement in PV cooling for some wind conditions. 
The observation that PV facade heating is reasonably well described by a linear model composed of few 
independent variables is itself a significant result, given the complexity of real operating conditions and limited 
information regarding the physical properties of the double skin facade. Indeed, the coefficients obtained implicitly 
include the form factor and other features. A more thorough analysis (including more advanced filtering and pre-
processing of data) could provide correlation coefficients that related to physical values.  
4. Conclusions 
A preliminary experimental evaluation has been presented for three full-scale PV double skin prototypes, 
representing realistic configurations adapted to multi-function design criteria and the constraints imposed by existing 
building orientation. Of the three configurations studied, the façade/roof arrangement appears to offer the greatest 
degree of passive cooling for PV components in the summer configuration. This appears to be the outcome of a good 
compromise between incident solar flux and stack effect offered by the PV orientation in this prototype. The use of 
opaque modules for the roof portions of the ETNA prototypes as opposed to the semitransparent modules used on 
the facades may also contribute to this result. Indeed, this ranking is consistent with expectations of natural 
ventilation due to buoyancy forces and the impact of form factor on thermal performance [7].  
Further work shall concern the refinement of the methods here presented, plus a more in depth analysis of wind 
effect on the systems. To this end, data mining techniques are currently under evaluation, as well as more 
sophisticated database techniques to contribute to more exploratory analyses. In the following phase of the 
RESSOURCES project, two more prototypes are due to be constructed in 2014, each exploring a different 
geometrical arrangement of PV double-skin. The analysis methods introduced in this paper will thus be generalized 
for these new systems, as well as for longer datasets obtained for the existing prototypes, which continue to be 
monitored. 
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